Abstract. An analysis of hydrologic variability in Colombia shows different seasonal effects associated with El Niño/Southern Oscillation (ENSO) phenomenon. Spectral and cross-correlation analyses are developed between climatic indices of the tropical Pacific Ocean and the annual cycle of Colombia's hydrology: precipitation, river flows, soil moisture, and the Normalized Difference Vegetation Index (NDVI). Our findings indicate stronger anomalies during December-February and weaker during March-May. The effects of ENSO are stronger for streamflow than for precipitation, owing to concomitant effects on soil moisture and evapotranspiration. We studied time variability of 10-day average volumetric soil moisture, collected at the tropical Andes of central Colombia at depths of 20 and 40 cm, in coffee growing areas characterized by shading vegetation ("shaded coffee"), forest, and sunlit coffee. The annual and interannual variability of soil moisture are highly intertwined for the period 1997-1999, during strong El Niño and La Niña events. Soil moisture exhibited greater negative anomalies during 1997-1998 El Niño, being strongest during the two dry seasons that normally occur in central Colombia. Soil moisture deficits were more drastic at zones covered by sunlit coffee than at those covered by forest and shaded coffee. Soil moisture responds to wetter than normal precipitation conditions during La Niña 1998 -1999, reaching maximum levels throughout that period. The probability density function of soil moisture records is highly skewed and exhibits different kinds of multimodality depending upon land cover type. NDVI exhibits strong negative anomalies throughout the year during El Niños, in particular during September-November (year 0) and June-August (year 0). The strong negative relation between NDVI and El Niño has enormous implications for carbon, water, and energy budgets over the region, including the tropical Andes and Amazon River basin.
Introduction
The hydrological annual cycle in tropical South America is largely controlled by the meridional oscillation of the intertropical convergence zone (ITCZ), though spatial variability is introduced by the presence of the Andes and the Amazon River basin, by the surrounding tropical Pacific and Atlantic Oceans, and by land-atmosphere feedbacks. At longer timescales the region exhibits coherent hydroclimatic anomalies during both phases of the El Niño/Southern Oscillation (ENSO); for examples, see Aceituno [1988] and Ropelewski and Halpert [1996] . With minor regional exceptions in timing and amplitude, tropical South America historically has exhibited negative anomalies in rainfall and river discharges during the warm phase of ENSO (El Niño) and positive anomalies during the cold phase (La Niña). Both large-scale forcing and land surface hydrology play a key role on the dynamics of ENSO over the region [Poveda and Mesa, 1997] . During El Niños, anomalous Hadley cells develop with descending atmospheric motion over northern South America [Rasmusson and Mo, 1993] , which prevents deep convection, thus contributing to the precipitation deficits. As a result, the center of convection of the ITCZ over the tropical Americas is displaced southwest from its normal position [Pulwarty and Diaz, 1993] . During El Niños, there are decreases in water-vapor advection into the region as a result of the weakening of the low-level westerly "CHOCO" jet (Chorro del Occidente Colombiano or western Colombian jet) that normally penetrates from the Pacific Ocean inland Colombia [Poveda and Mesa, 2000] . Such weakened winds are a response to diminished temperature gradients between Colombia and the cold tongue of seawater off the Peruvian coast. In addition, the number of tropical easterly waves decrease throughout the tropical North Atlantic and the Caribbean Sea, also contributing precipitation deficits [Gray and Sheaffer, 1991] .
We present a consistent framework for the interaction between the annual and interannual (ENSO) timescales in the hydrology of Colombia. ENSO is the most important phenomena associated with Colombia's hydroclimatology on the interannual scale, despite the influence of other phenomena such as the North Atlantic Oscillation and sea surface temperatures on the tropical Atlantic [Poveda and Mesa, 1996a] . This framework is fundamental to understand the variability of tropical hydrology over a wide range of space and timescales. The study also sheds light on numerous practical impacts of ENSO in Colombia. Coffee production is very important for the economy of Colombia. In 1997 , El Niño as much as 10% of Colombia's coffee production was lost owing to the drought. Other crops, such as potatoes, corn, beans, soybean, sugar cane, banana, and tobacco, suffered severe impacts during the warm event. As a consequence of these impacts, during 1997, Colombia imported more than 3.5 million tons of grains and other food supplies. Other productive sectors, such as milk and livestock production, were severely affected, including 5 million chicken deaths due to the El Niño-related heat waves. During the 1997-1998 El Niño, more than 100,000 forest fires occurred in Colombia.
The impact of ENSO on the hydroclimatology of Colombia was studied by Poveda and Mesa [1996b, 1997] , but no effort was made to understand the effects related to the seasonal cycle. Here we analyze this relationship by looking at hydroclimatic anomalies during the seasonal cycle and develop a consistent hydrological framework through additional analyses of soil moisture and the Normalized Difference Vegetation Index (NDVI). Section 2 describes the data and methods used. Section 3 presents results of power spectrum and seasonal cross-correlation analyses between ENSO indices and precipitation and streamflows. Section 4 studies variability of 10-day average soil moisture records for different land cover types. Section 5 presents analyses of the relationship between ENSO and NDVI, and, section 6 presents our conclusions.
Data and Methodology
We used hydrological records from Colombia including monthly total rainfall at 88 stations and monthly mean river discharge at 50 river basins with drainage areas that range over several orders of magnitude, for the period 1958 -1998. Data were purchased from Instituto de Hidrología, Meteorología y Estudios Ambientales (IDEAM) of Colombia. To determine the influence of ENSO on the annual cycle of Colombia's hydroclimatology, we estimated power spectra and seasonal cross correlations of the raw hydrologic data (no standardization), with ENSO leading the hydrology. ENSO was characterized by the Southern Oscillation Index (SOI, defined as monthly differences of standardized sea level pressure between Tahiti and Darwin), and sea surface temperatures averaged over the regions Niño 1-2 (0Њ-10ЊS, 90Њ-80ЊW), Niño 3 (5ЊN-5ЊS, 150ЊW-90ЊW), and Niño 4 (5ЊN-5ЊS, 60ЊE-150ЊW). Indices of the tropical Pacific climate, as well as records of precipitation and river flows, were seasonally averaged for December-February (DJF), March-May (MAM), JuneAugust (JJA), and September-November (SON).
We used estimates of soil moisture content at 10-cm depth monthly data from the NCEP/NCAR Reanalysis Project [Kalnay et al., 1996] to study soil moisture variability during both phases of ENSO over northern South America. Even though soil moisture is a derived variable in the Reanalysis (rather than measured), we will examine the consistency of the model within a coherent hydrological framework. Furthermore, we recorded volumetric soil moisture contents as 10-day averages for the period March 1997 through August 1999. During that period the tropical Pacific Ocean experienced a strong El Niño (warm phase) followed by a strong La Niña (cold phase). The soil moisture was measured by time domain reflectivity (TDR) probes at three experimental sites, at the National Center for Coffee Research (CENICAFÉ , 5Њ00ЈN, 75Њ36ЈW, 1425-m height) , in the coffee-growing region of Colombia on the western slope of the central mountain range of the Andes. The experimental sites were located under three different land covers: (1) coffee trees surrounded by taller trees of "guamo" 1908 -1990 , and for (bottom) mean discharges of the Magdalena River at Puerto Berrío, 1936 Berrío, -1990 Power spectra of raw series; (b, d) power spectra of standardized series (subtracting the monthly mean and dividing by the monthly standard deviation). Numbers and arrows indicate the periodicities, in months, associated with the strongest spectral peaks.
(Inga edulis mart), hereafter referred to as "shaded coffee," (2) a secondary forest in which diverse native species, and large trees that remained from the primary forest are reemerging, and (3) coffee trees with no surrounding vegetation ("sunlit coffee"). The three sites were located within 200 m of each other. Volumetric soil moisture contents were measured for forest and shaded coffee at depths of 20 and 40 cm (hereafter referred to as and at 20 and 35 cm for sunlit coffee (VSM-35). The landscape includes moderate to strong slopes with deep soils derived from volcanic ashes. The soils are structurally stable with moderate permeability, low bulk density, and substantial organic matter content. Rainfall measurements from two rain gages near the experimental sites were averaged. We statistically analyzed the soil moisture series, including correlation analysis with 10-day local precipitation averages, and autocorrelation, estimation of the probability density function and principal component analysis of the data in isolation.
The consistency of our hydrological framework is examined considering vegetation activity as a surrogate for evapotranspiration. Interannual changes in vegetation have been studied on a global scale through estimates of the Normalized Difference Vegetation Index (NDVI) [Tucker and Choudhury, 1987; Gutman, 1991; Kogan and Sullivan, 1993] . Such NDVI data sets are marked by several instrumental, processing, and physical biases, associated with satellite drift, sensor degradation, and contamination of the data by volcanic aerosols [Schultz and Halpert, 1995] . Despite limitations, we used NDVI data for tropical South America obtained from observations of global monthly vegetation cover (Third Generation C-Level), by the National Oceanic and Atmospheric Administration Polar Orbiting Environmental Satellite (POES), advanced very high resolution radiometer (AVHRR) instrument, during April 1985 to December 1997, with spatial scale of 8 arcmin [National Oceanic and Atmospheric Administration (NOAA), 1998 ]. We estimated NDVI anomalies during ENSO events and mapped seasonal correlations between the SOI and NDVI over Colombia and tropical South America.
Precipitation and River Discharges
Monthly records of the Colombian hydrology vary on a wide range of timescales. Figures 1a and 1b show the power spectrum for raw and standardized records, respectively, of monthly rainfall in Medellín at Miguel de Aguinaga, 1908 -1990 . Figures 1c and 1d show the corresponding ones for mean discharges of the Magdalena River at Puerto Berrío, 1936 Berrío, -1992 . Results indicate strong annual and semiannual bands associated with the ITCZ. The standardization procedure filters the annual cycle out, and therefore peaks associated with ENSO (3-5 years) and quasi-biennial (26 -29 months) appear in Figures 1b and 1d .
The variations on the ENSO and annual timescales were investigated through seasonal cross-correlation analyses between the SOI and hydrological records in Colombia. The statistical significance of correlation coefficients were estimated using an F test, after accounting for persistence of records [Vanmarcke, 1988] . Before analyzing our results, we must recall that El Niño events typically develop over the course of two calendar years. They are generally characterized by positive anomalies in sea surface temperatures (SST) on the tropical Pacific that increase during the Northern Hemisphere spring and fall of the first year (year 0), with the maximum SSTs anomalies occurring during the winter of the following year (year ϩ1), and SSTs anomalies receding during the spring and summer of year ϩ1.
Overall, we found positive seasonal correlations (around 0.5-0.6) between the SOI and precipitation (P) records. Generally, simultaneous correlations during December-February of the year ϩ1 (DJF year ϩ1) and June-August of the year 0 (JJA year 0) were highest, possibly due to the strongest moisture advection anomalies by the winds of the "CHOCO jet" during such seasons [Poveda and Mesa, 2000] . Also, correlations were high between SOI during SON (year 0, SOI SON ) and P DJF . Most correlations are very low for P MAM , because ENSO is either just starting to develop or is declining at that time of the year [Webster, 1995] . Correlations between SOI and precipitation are stronger for stations located near the Pacific Ocean, particularly those at Valle del Cauca, Cauca, Antioquia, and Chocó. The lowest correlations are at stations located on the Caribbean plains and in eastern Colombia.
Correlations between the 50 river discharge series and SOI are quite high, with simultaneous correlations highest. Correlations between the SOI in September-October-November (SOI SON ) and river discharges in DJF (Q DJF ) were also high. Over most of the country, simultaneous correlations between the SOI and streamflows in MAM and JJA are very weak. The influence of ENSO is stronger and earlier for river stations located in western Colombia and weaker and later for stations located in eastern Colombia, so that correlations are higher for basins nearest the Pacific Ocean [Poveda and Mesa, 1997] . Table 1 shows results of the seasonal correlations between the SOI and discharges of five widely spread rivers of Colombia. Remarkably, correlations between the SOI and river discharges are higher than correlations between the SOI and precipitation over the same basins. This result can be explained in terms of the role that river basins play to filter higher frequencies of rainfall and in terms of the impacts of El Niño on evapotranspiration and soil moisture variability as we show below [see also Dettinger and Diaz, 2000] . Subsequent sections will examine soil moisture variability during ENSO.
Soil Moisture Variability
Estimated soil-moisture variations from both the GEOS 1 NASA Reanalysis, shown in Poveda and Mesa [1997] , and the NCEP/NCAR Reanalysis Project [Kalnay et al., 1996] , indicate that during the warm phase of ENSO (El Niño), soil moisture in northern tropical South America is lower than during La Niña events. Figure 2 presents seasonal differences in average soil moisture content at a 10-cm depth, between El Niño and La Niña events. El Niño composite averaged the 1982-1983, 1986 -1987, and 1991-1992 events , and the 1998 La Niña event. The largest differences appear during DJF (year ϩ1). The negative soil-moisture anomalies are explained by negative anomalies in precipitation during El Niño. The negative anomalies shown in Figure 2 are consistent with measured negative anomalies of rainfall, river discharges, NDVI, and evapotranspiration during El Niños. Soil moisture anomalies account for part of precipitation reduction in tropical South America through reductions in evapotranspiration and feedback mechanisms [Poveda and Mesa, 1997] .
The soil moisture reductions during El Niños are also evi- 1982-1983, 1986 -1987, and 1991-1992 denced by our field measurements. Figure 3 shows the time evolution of the volumetric soil moisture measured at 20-cm depths beneath three different land cover types at CENICAFE in the coffee-growing region, during April 1997 to August 1999. For these volcanic soils, volumetric soil moisture becomes saturated and reaches upper limits, around 50 -52%, usually following an intense storm. These extreme soil moisture levels last for very short times due to coarse soil textures, high percolation rates, low bulk density and high organic matter content [Saxton et al., 1996] . VSM-20 soil moistures take upper limits of the order of 45% for shaded coffee, 40% for forest, and 30% for sunlit coffee. VSM-40 soil moistures reach upper limits of the order of 45% for shaded coffee and forest and 40% for sunlit coffee. Typically, the average forest VSMs are higher at 40 cm (25-46%) than at 20 cm (18 -42%); for shaded coffee, VSMs at the two depths are similar (ranging between 25 and 48%). For sunlit coffee, average soil moisture at 35-cm depth (8 -40%) is higher than at the 20-cm depth (8 -30%), except during the driest spells of the annual cycle enhanced by El Niño, when VSM-20 and VSM-35 decline to similar values (around 8%). The wetness at depth indicates a lower capacity of this cover type to retain water in the soil column. That VMS is higher at larger depths for the forest and sunlit coffee sites can be explained in terms of higher evaporation rates near the surface, which can be more easily controlled by radiative processes under shaded coffee. All of the series, and therefore the first principal component of VSM-20 (not shown), exhibit remarkable declines during July-September 1997 and during December 1997 to March 1998, as a result of diminished rainfall. The driest spells corresponded to the well-known decrease in seasonal rainfall, though they are enhanced by the physical mechanisms that operate in the region during El Niño, including feedback in the land-atmosphere system [Poveda and Mesa, 1997] . Rainfall also decreased during DJF 1997-1998 as a result of the aforementioned mechanisms, and during DJF 1998 -1999, there were positive precipitation anomalies associated with the strong La Niña event. The lag-correlation coefficient between 10-day rainfall averages and the first principal component of VSM-20 during the VSM measurement period, reaches a maximum value of 0.53 (99% confidence level, P ϭ 0.01) for a 20-day lag with precipitation leading VSM. Thus tropical rainfall and soil moisture variability at annual and interannual timescales are highly and quickly intertwined. The integral timescale of these series was estimated as 86 days, using the sum of the correlogram [Vanmarcke, 1988] . The skewnesses of the probability density functions (PDF) for VSM-20 and VSM-40 (Figure 4 ) differ from land cover to land cover. Soil moisture at the sunlit coffee site has a higher skewness coefficient (Ϫ1.52 for VSM-20 and Ϫ1.36 for VSM-40) than the other land covers. Note that the unimodal PDF for VSM at the sunlit coffee site contrasts with the multimodal PDFs for the forest and shaded coffee sites, which may be associated with higher intermittency of soil moisture in the Plate 1. Maps of seasonal anomalies of NDVI as percentage of the mean during El Niño events. For estimation purposes we have used the El Niños of 1986 -1987, 1991-1992, 1994 -1995, and 1997 . Anomalies are deviations from the means during April 1985 to December 1997. sunlit coffee soils, which appear to dry up more rapidly than the other soils. Intermittency can be quantified in terms of the moments of standardized difference series, defined as ␦xЈ
where is the standard deviation. We use the kurtosis k of this difference series to quantify intermittency, since it measures deviations of the shape of the PDF from a Gaussian (k ϭ 3) to a flatter distribution (k Ͼ 3) [Batchelor and Townsend, 1949; Bruno et al., 1999] . Thus kurtosis is indicative of more common excursions to extreme values. Table 2 presents estimated values of k for raw and normalized series of VSM, for different values of the lag . In Table 2 the highest values of k correspond to VSM-20 soil moisture beneath sunlit coffee, in particular, for ϭ 1. These high k values confirm higher intermittency of soil moisture beneath sunlit coffee, as compared to soil moisture beneath forest and shaded coffee. Because the three sites are subject to the same precipitation regime (frequent and intense showers), the higher intermittency of soil moisture beneath sunlit coffee indicates more extremes on the one of the tails of the distribution than a Gaussian. These soil-moisture extremes reflect a smaller water holding capacity of the sunlit coffee soil, thus making it difficult to smooth out the precipitation deficits associated with El Niños.
These kinds of (uni-or multi-) modalities of soil moisture indicate preferred states of trajectories of the dynamical system attractor in phase space. For soils beneath forest and shaded coffee, multimodality and lower skewnesses reflect longer visits to several recurring states, not far into the tails of the distribution. This can be explained in terms of longer residence times of water into the soil, i.e., soils with greater regulation capacity. For the sunlit coffee site the coexistence of unimodality and higher skewness reflect a single preferred state and short and sudden visits to the tails of the distribution, in this case to minimum extreme values triggered by El Niño. We believe that root depths, evapotranspiration rates, and local energy and water balances are the primary hydrologic differences among our experimental sites and, from this, conclude that they play fundamental roles in defining the lesser degree of intermittency of soil moisture at forest and shaded coffee sites. Therefore we hypothesize that land cover strongly modulates tropical hydrological variability in (space-) time, and therefore critical dry spells associated with El Niño may be ameliorated or mitigated via land cover/land use.
NDVI
Results presented in section 4 show the strong linkages existing between land surface hydrology, soils, and vegetation in the tropical Andes. The Normalized Difference Vegetation Index (NDVI) has been identified as a measure of photosynthetic activity of plants, since it is affected by absorption of solar radiation by chlorophyll. The NDVI is defined as the ratio of (NIR Ϫ red) and (NIR ϩ red), where NIR is the surfaced-reflected radiation in the near-infrared band (0.73-1.1 m), and red is the reflected radiation in the red band (0.55-0.68 m) [Tarpley et al., 1984; Szilagyi et al., 1998 ]. We used NDVI data from NOAA [1998, Third Generation CLevel], for the period April 1985 to December 1997. Plate 1 Figure 4 . Estimated probability density functions for (top), volumetric soil moisture at 20-and 35-cm depth for sunlit coffee, and for (middle) 20 and 40 cm for forest, and (bottom) shaded coffee, in Central Colombia. a Results are for the raw average 10-day data and the standardized difference series, defined as ␦xЈ(t, ) ϭ ( x(t ϩ ) Ϫ x(t))/, for different values of the lag , beneath three land covers in central Colombia, during the period March 1997 through August 1999.
shows seasonal maps of average anomalies (departures from the mean for the aforementioned period, in percentage of the mean) of NDVI during El Niño events of 1986 -1987, 1991-1992, 1994 -1995, and 1997 . Plate 1 shows large negative NDVI anomalies during historical El Niño events, particularly during SON (year 0) and JJA (year 0), with deviations as large as Ϫ30%. Plate 2 shows maps of seasonal correlations between the SOI and NDVI anomalies, depicting strong positive (0.7-0.9) correlations over Colombia at lag 0, in particular, during DJF (year ϩ1). The largest lag 1 correlations are found between SOI in SON and NDVI in DJF.
Because negative SOI values herald El Niños, positive correlations between SOI and NDVI indicate a diminished plant activity (NDVI) during El Niño, consistent with the negative anomalies in precipitation, streamflows, and soil moisture during warm events. Such dynamical behavior of NDVI is relevant for understanding the carbon cycle in the tropical Americas including the Amazon River basin and allows us to formulate the following hypothesis about the behavior of evapotranspiration: A strong correlation exists between monthly mean NDVI and estimated evaporation during the preceding month [Szilagyi et al., 1998 ], and therefore we hypothesize that the water limitations during El Niño impose conditions of water stress even on wet tropical forests [Oren et al., 1996] . Lacking long-term evapotranspiration measurements, we propose that large negative anomalies in actual evapotranspiration must develop during the driest spells associated with El Niño in Colombia. Consistently, positive anomalies in potential evaporation also must develop, based upon their complementary relationship at low water contents in the soil-vegetation system [Morton, 1978; Brutsaert and Parlange, 1998 ].
Conclusions
We have identified a strong seasonality in the influence of ENSO on the hydroclimatology of Colombia, through analyses of precipitation, river discharges, soil moisture, and NDVI. ENSO amplifies the expected seasonal hydrological anomalies, through complex and non-linear interactions, that need to be better understood. Seasonal cross-correlation analyses confirm that El Niño produces drier than normal and more prolonged seasonal dry periods in Colombia and that La Niña amplifies the wetness of wet seasons. River discharge and rainfall data show that stations in the western and central regions of the country are highly simultaneously correlated with the SOI (around 0.7-0.8) during DJF. ENSO reaches its maximum strength at this time, and thus the teleconnections and direct impacts of ENSO on Colombia's hydrology are also maximized then. Forecasting can benefit from the high correlations of the SOI in SON and JJA with river discharge in the following DJF season. The skill of hydrological forecasting based upon the climate of the tropical Pacific is reduced during the spring of Conventions are P, precipitation; R, river discharge; E, evapotranspitation (NDVI data as a surrogate); , soil moisture; CHOCO jet, strength of the winds of the low-level westerly jet [Poveda and Mesa, 2000] . Two negative signs by the variables indicate the strongest negative anomalies with respect to seasonal averages.
the Northern Hemisphere, as witnessed by the very low correlations between the SOI in MAM and river discharges in DJF. Analyses (not presented here) of diverse atmospheric and terrestrial fields of the NCEP/NCAR Reanalysis allow us to conclude that the seasons during which hydrology is most affected by ENSO are DJF (year ϩ1), SON (year 0) and JJA (year 0), while MAM (years 0 and ϩ1) are the least affected seasons [Poveda et al., 1999] . Analyses of seasonal variations of soil moisture over tropical South America, estimated with the NCEP/NCAR Reanalysis, also indicate that soil-moisture contents over large areas decline during El Niño events, as compared to La Niña ones. This is particularly clear during DJF (year ϩ1), coinciding with the rainy season over northern Amazonia.
Soil moisture data collected in central Colombia, under three different land cover types, also confirm that the annual and interannual hydrological cycles are highly and quickly intertwined. During the less rainy seasons of July-September 1997 and December 1997 to March 1998, soil moisture reached minimum values as a consequence of negative anomalies in rainfall, which in turn were also associated with El Niño. During La Niña 1998 -1999, soil moisture data did not reflect the normal bimodal annual cycle, and remained near saturation values throughout the recording period. The measured volumetric soil moisture contents were higher at larger depths beneath forest and sunlit coffee. Under sunlit coffee, soil moisture at 20 and 40 cm declined to similar values during the driest spells of the annual cycle, especially during El Niño, thus indicating that this land cover type is less capable of water storage. Estimates of the probability density functions (PDF) at the two depths (see Figure 4) reveal skewness, as well as unimodality or multimodality, which vary from site to site. Soil moisture at the sunlit coffee site exhibited higher inttermittency, larger skewness coefficient and a unimodal PDF, in contrast to soil moisture at the forested and shaded coffee sites, which exhibit multimodal PDFs. Bimodality in soil moisture PDFs has been predicted theoretically with either nonlinear differential equations forced by stochastic noise [Rodríguez-Iturbe et al., 1991] , or probabilistic representations of climate variability coupled with spatially distributed vegetation responses [D'Odorico et al., 2000] . Our results suggest that multimodality of the soil moisture PDFs may be associated with the role of the soil-vegetation-land surface hydrology system, when subject to a similar precipitation regime. Thus we hypothesize that the coupling between the system vegetationsoil and land cover strongly modulates hydrological (space-) time variability in the tropics and that the effects of El Niño-related dry spells might be ameliorated via land cover and land use.
Analyses of NDVI data over Colombia show strong negative anomalies throughout the entire year during El Niño events, in particular, during SON (year 0), JJA (year 0), and DJF (year ϩ1). This ENSO impact is also shown with high positive correlations between NDVI and the Southern Oscillation Index.
Plate 2. Maps of seasonal correlations between the SOI and NDVI anomalies over Colombia Data source: NOAA [1998] .
The decrease in plant activity (NDVI) during El Niño is quite consistent with negative anomalies in precipitation, streamflows, soil moisture, and (we hypothesize) actual evapotranspiration.
Results on the seasonal effects of ENSO on Colombia's hydroclimatology are summarized in Table 3 and Figure 5 . Some salient physical mechanisms that contribute to the hydrological anomalies include the following: a reversed Hadley cell that prevents deep convection, positive anomalies of surface pressure, a decrease in the activity of easterly waves, an intertropical convergence zone shifted to the southwest of its normal position, a weakened CHOCÓ jet winds, and land surface feedbacks. Particularly, river discharges respond most during DJF (year ϩ1) and JJA (year 0) as a result of the combined anomalies in precipitation, soil moisture, and evapotranspiration (using NDVI as a surrogate). During SON (year 0) the effects are also felt but are ameliorated by weaker soil moisture and precipitation anomalies. The interannual variability associated with ENSO enhances the expected seasonal hydrologic anomalies and plays a major role in the feedback mechanisms of the land surface-atmosphere system over the region [Poveda and Mesa, 1997] . As a result, Colombian hydrology exhibits some features of chaotic dynamics, exemplified by positive Lyapunov exponents, in monthly precipitation and river flows time series [Poveda, 1997] . Such nonlinear dynamics need to be better understood.
Our results shed light toward developing a consistent hydrological framework necessary to understand the nonlinear coupling between annual and interannual (ENSO) timescales. They also provide a basis to unveil the linkages between the hydrologic cycle, the energy budget and vegetation in the tropical South America (a region that contains both the tropical Andes, the most important "hotspot" for biodiversity on Earth [Myers et al., 2000] , and the Amazon River basin, which is of undisputed hydrological relevance). 
